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Abstract
The aim of this paper is to evaluate methods for improving laser beam welding efficiency, namely, obtaining increased 
penetration depth and enhanced weld quality without an increase in laser power or a decrease in welding speed. Increased 
efficiency can be realized with several techniques: butt joint edge surface modifications, preheating and modifications of ambient 
atmospheric conditions. 
Methods for laser beam welding process efficiency improvement are analysed and compared both separately and combined. 
Improvement in penetration depth or welding speed with similar penetration depth was noted for all the techniques studied. 
 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Introduction 
Recent developments in the field of high power lasers have led to renewed interest in thick section laser welding.  
As the lasers beam is provide the highest power density currently available to the industry (up to 109 W/cm2) that is 
focusable on a small spot (down to diameter of 0.1 mm), the absorption of such energy leads to evaporation of the 
material at the point of contact, forming a cylindrical hole, the keyhole, which may extend through the entire plate 
thickness in the material. A schematic view of laser keyhole welding is shown in Fig. 1. 
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Fig. 1. Laser keyhole welding. 
The energy balance during laser beam welding (LBW) is shown in Fig. 2 and can be simplified to a number of 
equations (1-3). 
 
 
Fig. 2. Energy scheme in keyhole laser beam welding: 1 – Focused laser beam; 2 – Base metal; 3 – Keyhole; 4 – Liquid metal; 5 – Weld; 
6 – Dissipating metal vapour. 
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ܧԢ௅ ൌ ܧ௅ െ ሺܧ௉ ൅ ܧோ ൅ ܧ௩ሻ െ ܧ஽ (1)
ܧ௉ ൌ ܧԢ௣ ൅ ܧԢԢ௣ (2)
ܧԢ௅ ൅ ܧԢԢ௉ ൌ ܧெ ൅ ܧ் (3)
 
where: 
 
1. EL – focused laser beam energy; 
2. E’L – laser beam energy absorbed by keyhole walls; 
3. ER – laser beam energy reflected from base metal surface; 
4. EP – laser beam energy absorbed by plasma cloud and vapour; 
5. E’P – laser beam energy reflected and dissipated by plasma cloud; 
6. E’’P –plasma and metal vapour energy absorbed by the keyhole walls; 
7. EM – heat energy of the molten metal; 
8. ET - heat energy transferred to the base and weld metal due to heat conduction; 
9. Ev – total energy of the vaporized material; 
10. ED – laser beam energy dropped through the keyhole (for full penetration welding); 
 
Therefore, the efficiency of the energy transfer from the laser beam to the material can be expressed: 
ߟ௘௙௙ ൌ ሺܧԢ௅ ൅ ܧԢԢ௉ሻȀܧ௅ (4)
 
Basically, the methods to improve the LBW efficiency presented in this article are ways to increase the ratio of 
energy that is absorbed by the workpiece over the incident laser energy. Welding efficiency can be enhanced if the 
absorption can be increased. As the possibility of varying the laser parameters is usually limited in workshop 
conditions, this paper focused on the following methods of LBW efficiency improvement in a butt joint setup: 
 
1. Edge surface modifications; 
2. Ambient condition modifications; 
3. Preheating techniques; 
 
Following section has been divided into three parts. Each part describes relevant method, mentioned in above list, 
with an overview of previous research for the topic followed by analyze of the experimental data. Process 
parameters for the experiments are shown in the figure captions. 
 
Nomenclature 
dK working fiber core diameter, ȝm 
dOF focal point diameter, ȝm 
fC collimation length, mm 
fF focal length, mm 
fpp focal point position, mm 
Eline line energy, J/mm 
PL laser power, kW 
t material thickness, mm 
VW welding speed, m/min 
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2. Methods to improve efficiency 
2.1. Edge surface modifications - effect of edge surface roughness 
The tendency of increased absorption with increased surface roughness when using a CO2 laser was first noted by 
Arata and Myamoto (1972). However, later analysis (1988) of LBW with a 2.5 kW CO2 laser of 4 mm stainless steel 
with different edge surface roughness in butt joint setup performed by Covelli et al. (1988) suggested that the welds 
were not affected by surface roughness. Ricciardi and Cantello (1994) reported an increase in CO2 laser beam 
absorption for rough metal surfaces compared to polished ones. It is important to note that absorption in CO2 LBW 
is mostly performed via the metal vapour and plasma absorption (E’’P on Fig. 2) and the effect of edge surface 
roughness does not play such an important role as in shorter wavelength lasers. 
Recent research shows that with the use of high power laser with wavelength of 1 ȝm, the roughness has a larger 
effect on the absorption. Bergström et al. (2007) recorded, by reflectance measurements, a trend of increasing 
absorption for increasing roughness above Sa 6 ȝm for mild steels. Sokolov et al. (2012), using calorimeter absorbed 
energy measurements, observed a correlation between edge surface roughness and absorption in LBW of low-
alloyed steels in butt joint setup. 
An overview of the experimental results is shown in Fig. 3. To investigate the correlation between consumed 
energy and edge surface roughness, the correlation between line energy and penetration depth, as an indirect 
indicator of the absorbed energy (3ሻǡ at different roughness levels was investigated. Laser line energy was calculated 
based on the equation: 
ܧ௟௜௡௘ ൌ ௅ܲ ௐܸΤ   (5) 
 
Fig. 3. Penetration depth at different roughness levels, HPFL, S355 steel, t = 15 - 25 mm, PL = 10 – 20 kW, vW = 1.2 – 2.4 m/min. ffp = -0.5·t. 
As seen in Fig. 3, a rough edge surface in butt-joint configuration provides deeper penetration. However, with the 
edge surface roughness of Ra > 8 ȝm penetration depth decreases. The increase in the penetration may be explained 
by the air gap between the plates caused by the roughness - less amount of material is vaporised. At higher 
roughness levels (> 8 ȝm) larger air gap causes a part of the laser beam to “fall through”, causing instability of the 
keyhole, therefore decrease in penetration and weld quality, as reported by Sokolov and Salminen (2012). 
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To derive benefit from this phenomenon and achieve efficiency increase, an appropriate joint edge manufacturing 
method can be selected at the design stage based on the desired surface roughness. This solution should not incur 
additional costs or limit the LBW process applicability. 
2.2. Ambient condition modifications - effect of reduced pressure 
Reduced pressure LBW with CO2 lasers was investigated in the 1970s and 1980s in partial and full vacuum 
conditions and reported by Workman and Kaukler in 1989 and summorized and edited by Paton in 2003. Recent 
systematic studies of reduced pressure LBW with high power disk lasers (HPDL) were reported by Katayama et al. 
(2011). Using laser power up to 26kW, an acceptable quality weld of 75 mm penetration depth was achieved with 
single pass LBW at 1 m/min welding speed at 1 kPa pressure in a stationary sealed acrylic chamber.  
Punshon and Smith (2013) reported that a 5kW Yb-fiber laser at reduced pressure atmospheric conditions, using a 
prototype local vacuum sliding seal, achieved 11 mm penetration for S275JR structural steel at a welding speed of 1 
m/min. 
Comparison of penetration depth at different welding parameters and ambient conditions is shown in Fig. 4. 
 
 
Fig. 4. Penetration depth at different roughness and pressure levels, S355 welded with HPFL; SM400A welded with HPDL; pressure reduced 
down to 0.1 kPa in nitrogen environment. 
Commercially available low-alloyed steel SM400A, equivalent to S235JR steel according to EN 10025 is 
compared to results of S355 welds at ambient pressure. Chemical composition and mechanical properties of 
SM400A and S355 steels are given in Table 1. 
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  Table 1. Nominal alloying composition and mechanical properties of SM400A and S355. 
Chemical composition, wt% 
Steel C max Si max Mn max P max S max 
SM400A 0.23 - 2.5 x C 0.035 0.035 
S355 0.20 0.55 1.60 0.035 0.035 
Mechanical Properties 
Steel Min Yield Strength, MPa Min Tensile Strength, MPa Hardness, HV 
SM400A 205 400 235 
S355 355 470 180 
 
As can be seen from Fig. 4, welding at reduced pressure conditions can give 50% increase in penetration at 
almost the same level of line energy. Reduced pressure conditions decreases the plasma cloud, so the EP component 
of equation (1) is greatly reduced. As supported by research of Katayama et al. (2011), the laser beam is entirely 
irradiated into the keyhole, increasing the E’L component. With ambient pressure decreases, the evaporation is 
promoted and less laser energy is used for material evaporation, therefore the efficiency of the welding process 
increases. The combined effect of both reduced pressure and roughened edge surface gives an additional increase in 
penetration depth. One drawback of this method is highly increase hardness level in the weld, as shown on Fig. 5. 
 
 
Fig. 5. Weld metal hardness at different penetration depth: average hardness polynomial regressions (solid) and 90% confidence intervals 
(dotted), SM400A, t = 40 mm, welded with HPDL; pressure reduced down to 0.1 kPa in nitrogen environment, PL = 16 kW, vW = 1 m/min. ffp = 
-20 mm. 
2.3. Preheating techniques 
Preheating of the steel pieces improves the LBW process by modification of the heat conduction characteristics 
inside the metal. As explained by Peretz (1988) the temperature of the metal rises, there will be an increase in the 
photon population, causing more photon-electron energy exchange, as the electrons are more likely to interact with 
the material rather than oscillate and re-radiate. This phenomenon causes a fall in reflectivity – ER in equation (1) – 
and an increase in the absorptivity (EL’) with the rise in temperature in the metal and therefore an increase in weld 
width. 
S355 steels plates of 15 mm thickness were heated in the oven to the desired temperature before welding. 
Comparison of penetration depth at different roughness levels and preheating temperature is shown in Fig. 6. 
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Fig. 6. Penetration depth at different roughness and preheating temperature with 90% confidence intervals, HPFL, S355 steel, t = 15 mm, PL = 10 
kW, vW = 2 m/min. ffp = - 4 mm. 
Fig. 6 shows that preheating up to 120 ºC does not result in perceptible increase in penetration depth. However, 
rough edge surface in butt-joint configuration provides deeper penetration at all temperature levels. Preheating using 
another method: laser beam, welding torch or inductor, to higher temperatures (up to 350 ºC), may give different 
results as was recently reported by Höfemann et al. (2014). Hardness tests were performed in accordance with ISO 
22826, preheating reduces the maximum hardness level of the weld as shown in Fig. 7. 
 
 
Fig. 7. Maximum hardness level at different preheating temperatures, HPFL, S355 steel, t = 15 mm, PL = 10 kW, vW = 2 m/min. ffp = - 4 mm. 
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3. Conclusions 
The present study was designed to give an overview of up-to-date methods for laser beam welding of low-alloyed 
steels with high power lasers in butt joint configuration. The following conclusions can be drawn from the study: 
1. Laser beam welding efficiency improvement can be achieved by increase in absorption – the laser energy 
consumed by keyhole walls. 
2. There are three basic ways to increase the absorption in workshop conditions: by modifying the workpiece 
through surface preparation; by lowering the pressure in the welding zone; and by modifying the process with 
preheating. 
3. In thick section laser beam welding at high power levels ( 10 kW) absorption has a significant dependence on 
the edge surface roughness. Use of manufacturing methods that produce edge surfaces of a pre-determined 
roughness level is recommended. 
4. Reduction of the ambient pressure in the welding zone provides significant increase in penetration depth. 
5. Preheating in the oven up to 120 ºC does not provide perceptible increase in the penetration depth, however 
provide reduction in maximum hardness level. 
6. Several of the above described methods may be used together to promote an additional increase in efficiency. 
The relationships and causalities of these factors require further investigation. 
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